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In  tbe  — plcqr— r t of  d-a  aroe  for  — ldlng  nd  In  aro  fur— o—  for 
nvlting  of  —tain  cm  of  tbe  prl—  ccoalderaticoe  In  tbe  rtaMl  ity  of  ttw 
ure.  The  daalgn  of  tbe  furuaoe  or  the  eacecutiao  of  tbn  wwldli*  pr-oonee  in 
Halted  by  tbe  control  procennee  neoenaary  to  —lutein  —tin factory  rtabillty. 
Fran  a practical  rtaadpcdct  rtabillty  —am  tbn  coartaaoy  of  baat  lapel  at  tbn 
pleoe  dnnirnd  la  tbn  —ldia*  or  —ltlag  proceen  la  which  tbn  aro  In  being  a— d. 
Fran  — nlnotrlcal  rtaadpolat  tbn  rtabillty  in  —n ifnrtnd  by  the  ocort— ay  of 
ourinrt  aad  voltage  input  to  tbn  arc . 

It  In  —11  known  that  aa  cnoillogr—  of  tbn  voltage  ft—  a d-c  — ldlag 
arc  aho—  rapid  mrlatlcon  la  voltage , unoally  of  xnadon  frequency  aad  — gsltude* 
If  tbn  mrlatlc—  bee— a too  ucmln  tbn  arc  wlii  gtri  out  of  central  aad  either 
bn  erctlngolnhed  or  do  — i man  tin  factory  Job  of  welding.  M any  oa—  the  par* 
for—aoe  aad  utility  an  greatly  enhanced  if  the  varlaticun  or  "onodllatioon*  la 
ounnut  aad  voltage  can  be  reduced  car  el  Inina  ted.  To  achieve  thin  goal  there 
be  obtained  a knowledge  of  the  baric  cauaea  cf  tbn  onoillatioon  aad  it  wav  the 
purpone  of  the  work  reported  here  to  aeonrtala  thin. 

Accordingly,  apparatus  wan  art  up  to  aakn  final taanoun  manure— nttn  of 
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oocmlate  the  renultu  with  tboer  o octroi lable  pa-tern  which  night  lead  to  a 
better  understand  lag  of  tbe  ftmd— nntnl  procennen  involved.  By  —nan  of  a dual 
be—  oncnllonoopn  it  wan  poanlble  to  — ka  a direct  co— jarleon  of  may  two  of  the 
above  typee  of  caolllatlcas . 

It  wan  found  that  tbe  onoillatioon  warn  of  two  typae  (l)  high  fr«r— rry, 
high  e— ulltudn  one  ilia  tlcon  oocurrlag  at  our— ctn  above  about  15  aqparea  aad 
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(8)  1 m trvfummf,  Lem  — aeolllrtlaae  of  a iwjr  adftni  — >■ 
n sarruBte  Wine  15  iwi).  teeolta  ckbelaed  frm  oar  atuliee  cf  tb,»  M+> 
frogs— ay  oecHlaH  — wore  dftaojrlbed  la  the  paper  "The  Blaalat  Arc  ead  laAlo 
Tti  a j—rrj  Saif  Qmmm W4  Oeclllfttlone  la  the  D-C  Car  oca  Ara"  by  B.  8;  Llrt  «ad 
T.  1.  taM  ehlofc  aee  preaected  at  the  Arerloan  laaVltute  of  KLectrlcnl  lag&aoaora 
Brfjrd  Oqafermeoe  aa  Ucctrtc  WlAlef  at  Detroit,  VtLohl&*,  Apeil  199B. 

de  papa**  aaa  rthei^—My  pchllsbetf  by  the  txxs  U their  PaiOloatlcc  s-c6 
Haotrla  Ara  Mat  Bortetrae  Veldl*s-nx,  p.  309-216,  October,  1952.  It  ms 
aJLao  yahllahod  by  ttoa  AIKS  la  KUetrixml  ft^laoerlnt,  Tol.  72,  Be.  6,  p 683- 
690,  Bacuat,  1993.  BUrprlat?  of  this  fapar  vtre  tacludM  in  TaobacUua  Report 
SWtoer  2 - "The  KLectrioal  'inability  Of  Hlafr  Currant  >roa  In  Air  And  Is  Controlled 
Oaeeouc  Bixtaraa” , OaceaSmr,  1952. 

Etaeulte  of  the  atwliaa  of  tin  lev  o#cl_LLe,ticri  rare  dsaaribod 

la  the  papar  'Lcw-fresiosncy  3alf Ueeaarmtcd  OeciUitioes  la  tbe  D-C  rc-zbcn  Arc'"  by 
B.  V.  Hat  aad  T.  B.  Jcoaa.  this  paper  vs a preaeubed  at  the  1953  Viator  Oaaaral 
Haatlaa  of  the  tamrVmm  institute  of  DLaotrioel  ITncInaara  ruU  oa*  published  by 
«a»  AIK  la  BLaetrloal  fc^Lacertas  tol.  72,  * . 7,  Jbly,  -953,  p.  £12-419.  A 
reprint  of  thla  publication  la  attached  hereto  and  cade  « part  of  tfcie  report. 

ft*  principal  ooEslaalcpg  frao  the  leer  frequency  at xtSLtz  are  a a tft&loest 

1.  A Study  of  the  d-c  arc  la  air  at  naemal  tcotparatuvee  aad  preeeurea 
between  aolld  carbon  daetredaa  baa  diadoood  the  preeaooe  of 
•metrical,  ualfcau  oscillations  of  ourreat,  voltage,  light,  und 
send  cccurri ng  at  our^eat  ««laeo  just  ooxov  the  Maaiag  stace. 

8.  The  oaclllutloae  art  of  l«v  frequency  in  the  map  90  to  400 

ayalea. 

3.  The  oeo  ills  ti  cam  occur  vith  bi£h  ualfortzlty  cnly  after  the  anode 
tip  has  attained  its  eberactarlstlo  shape » 

4.  rte  frequency  of  tbn  caotLlationa  la  affected  by  the  weterirJ  . 
disaster,  end  eepor?>ticr.  of  the  clectrodej  and  V th*  ere 
current,  but  not  by  reactaabe  prooeat  in  the  pocmr  sypsdy. 

5.  The  oaclU»:,iaB5  arc  caused  by  rotation  of  the  anode  a pot  about 
the  periphery  &?  thy  aaodc  dua  to  the  presses  of  aa  Ui^yaastrl  sal 
KBflnctlc  flo^.d  caus'd  l>y  tlv*  ouvreart  itoal*'  at  tho  aaoda  eurfaco . 
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€,  Am  aqplrl/ifci  m§mk lap  ta*  fcaaa  Imal— d to  mi'iw  Ifca 
fmurwg  of  Mm  oxrillMtl—  m m f— tlaa  af  mnrmrnk 
■d  alarfroda  fr— % w » 

7.  HU  Volwead  Mmt  Mm  bafcarlcr  or  Mm  —do  uni  — tta 
tafia—  of  Mem  me  'a  am  igwtin  flail  *a  r mortal  km 
tamo  a ilmt  baario*  <m  tba  laltrlatloa  or  Mm  *ldaaiaf* 
are  «d  o»  lta  oharactariatlca . 


ft  3*  mm  umXr  tba  basic  cam  a of  both  Mm  lor  fraqunaoj  ad  tal^ta 

OragMoy  mclllrtir-  l>  satd  •*?  «n  mod*  spot  acroaa  tha  vorltoa  of  tto 

% 

mod*  Oxm  to  Mm  area  on  m*Drtlo  flail  in  ocapiaatioa  with  Mm  natural 
^gfl^ucstxaa  m t b*  tUotraM  fiwn.  Bill  groom  ■ la  tatorart  la  tha  arc 
Itaelf  cad  la  la  ao  nay  ocaoanmd  vltl  Mm  axtarml  alactriool  circuit  aujvlyi*# 
poaar  to  tha  aro.  It  La  act  p^pcaad  that  Mda  la  tb©  only  aouao  of  lxmtabHity 
la  Mm  4-o  arc  Vat  it  la  baliavad  bo  ba  oa  of  tbo  acre  Iqpcrtxat  aad  baelc  aoaroaa 
of  oaoHLatlom . thla  aorta  baa  Mmnafora  laolatal  aam  prfaa  aoacroa  of  IsataMlity 
•ml  "ydLgpolataA*  It  to  tha  aorta  apot  at  affaatad  by  tab*  aroa  am  n—tio  flail. 
Ml  eoatrlbutlaa  to  tb«  fimit—a ta)  koortadja  of  Mm  are  ahooll  ba  of  aaai  afrMna 
to  thoaa  vbo  ara  aoatalag  to  Umrora  ita  atabUlty  la  lta  wmmj  applioatlona . 
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NDER  THE  sponsor- 
ship of  the  Olttce  of 
Naval  Research,  the  De- 
partment of  Electrical  Engi- 
neering of  Johns  Hopkins 
University  has  been  conduct- 
ing a study  of  the  funda- 
mental properties  of  the  d-c 
arc.  Particular  attention  has 
l>ccn  given  to  arcs  of  higher 
current  values  (10  to  200 

amperes)  at  atmospheric  pressure,  such  as  occur  in  weld- 
ing, searchlights,  circuit  breakers,  and  so  forth. 

It  long  has  been  known  that  the  voltage  across  such  arcs 
is  not  always  a steady  d-c  value.  In  many  cases,  particularly 
in  welding  operations,  it  is  subject  to  wide  random  varia- 
tions even  though  the  voltage  of  the  source  supplying  power 
to  the  arc  remains  perfectly  steady.  In  the  case  of  the  car- 
Ixrn  arc,  the  familiar  “hissing  arc”  has  been  the  subject  of 
wide  controversy  and  its  mechanism  is  still  in  doubt. 

In  view  of  the  importance  of  this  Irehavior  on  the  stability 
and  utility  of  the  arc,  it  was  felt  that  a careful  investiga- 
tion of  its  nature  was  warranted.  It  was  felt,  also,  that  an 
understanding  of  the  variations  might  lead  to  a better 
understanding  of  the  basic  arc  processes  for  all  types  of  arcs. 

PLAN  OF  THE  RESEARCH 

The  primary  portion  of  the  study  was  devoted  to  the 
carbon  arc,  since  variations  in  voltage  and  current 
occasioned  by  material  transfer,  such  as  occur  in  metallic 
arcs,  would  not  Ik:  present  with  carbon  clecirtxles.  A 
search  of  the  literature  disclosed  that  one  of  the  first  thor- 
ough studies  of  the  carbon  arc  was  made  by  Ayrton1 
before  1900.  More  recent  studies  have  been  reported  b\ 


A study  of  the  fundamental  properties  of  the 
d-c  arc  was  undertaken  starting  with  very  low 
currents  of  1 ampere  or  less  and  gradually  in- 
creasing the  current.  Simultaneous  observa- 
tions of  the  variations  in  voltage,  current,  light, 
and  sound  produced  by  the  arc  were  correlated 
with  those  controllable  parameters  in  an  attempt 
to  understand  better  the  basic  processes  in- 
volved. 
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Finkelnburg,5  in  which  many 
important  aspects  of  the  car- 
bon arc  have  been  analyzed. 

The  studies  to  be  reported 
here  were  made  with  solid 
projector-type  carbons  with 
anode  and  cat  bode  of  the  same 
size  and  mounted  with  their 
axes  in  line.  It  was  felt  that 
this  arrangement,  while  in 
some  respects  more  difficult  to 
work  with,  would  lend  itself  more  readily  to  analysis.  The 
plan  of  research  was  to  start  at  verv  low  currents  (1  ampere 
or  less)  and  gradually  increase  the  current  to  the  hissing 
stage  and  beyond.  At  the  same  time,  it  was  planned  to 
make  simultaneous  observations  of  the  variations  (here- 
after referred  to  as  "oscillations”)  in  voltage,  current,  light, 
and  sound  produced  by  the  arc  and  correlate  the  results 
with  those  controllable  parameters  which  might  lead  to  a 
better  understanding  of  the  basic  processes  involved. 
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EX  PE  RIM  ENTAL  APPARATUS 
Du  Mom  type  279  dual-ljeatn  oscilloscope  was  used 
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Figure  1.  Diagram  of  apparatus  for  study  of  oscillations 


voltage  waveforms  were  projected  directly  on  the  oscillo- 
scope and  a specially  designed  noninductive  shunt  was  used 
to  produce  the  voltage  drops  corresponding  to  the  current 
waveforms.  Light  oscillations  were  detected  by  mean*  of 
a Radio  Corporation  of  America  93!-A  phototube  and 
sound  oscillations  were  detected  by  means  of  a crystal 
microphone. 

A 24-inch  Navy  Searchlight  Chamber  was  used  to  en- 
close the  arc  for  the  studies  in  air.  Average  values  of  volt- 
age and  current  were  recorded  .at  Esteiiine  Angus  recording 
meters. 

A General  Radio  sound  analyzer  type  760-A,  with  range 
extender  as  described  by  Cobine  and  Curry,1  was  used  to 
measure  the  frequency  of  the  oscillations  up  to  about  1 
megacycle.  The  measurement  of  the  high-frequency  oscil- 
lations covering  the  range  above  1 megacycle  was  made 
using  Hallicraftor  superheterodyne  radio  receivers. 

The  ineasurein.'nt  of  ate  length  was  made  on  an  image 
uf  the  arc  magnified  optically  eight  times  and  projected  on  a 
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calibrated  scale.  The  arc  length  was  defined  as  the 
minimum  distance  between  the  anode  and  cathode. 

Power  was  supplied  from  a bank  of  Exide  storage  bat- 
teries capable  of  supplying  150  amperes  at  i00  volts  for  8 
hours  A schematic  diagram  of  the  apparatus  arrangement 
is  shown  in  Figure  1 . 


EXPERIMENTAL  RESULTS 

With  solid  tarpon  KiKCTRODKS,  it  was  tound  that  if 
the  current  was  increased  slowly  from  very  low  values, 
by  varying  the  external  resistance  of  the  circuit,  there  oc- 
curred a critical  value  of  current  at  which  oscillations  of 
voltage,  current,  light,  and  sound  were  produced  bv  the  arc. 
These  oscillations  occurred  at  current  values  just  below  the 
hissing  point  and  were  of  a low  frequency,  50—100  cycles. 
They  occurred  over  a very  narrow  current  range  under 
certain  conditions  of  electrode  shape.  Since  these  low- 
frequency  oscillations  occurred  in  the  quiet  state  of  the 
arc,  as  contrtistcd  with  the  hissing-state  characteristic  of 
higher  currents,  they  were  designated  as  “quiet  oscillations,” 
and  will  be  referred  to  as  such  hereafter  in  this  article. 
When  the  current  was  increased,  the  frequency  of  the  quiet 
oscillations  increased  ur  til  a current  was  reached  at  which 
the  arc  began  to  hiss.  The  low-frequency  oscillations  then 
were  displaced  by  the  higher-frequency  higher-amplitude 
random  fluctuations  which  are  characteristic  of  the  hissing 
arc. 

It  was  felt  that  a careful  study  of  the  quiet  oscillations 
should  be  made  since  an  understanding  of  their  mechanism 
would  provide  a good  groundwork  foi  an  analysis  of  oscil- 
lations in  the  hissing  stage  and  beyond.  Consequently,  the 
remainder  of  this  article  will  present  the  results  of  an  analy- 
sis of  the  quiet  oscillations;  the  results  of  studies  made  on 
the  hissing  arc  and  the  high-frequency  oscillations  asso- 
ciated therewith  are  scheduled  to  appear  in  a subsequent 
issue. 

The  quiet  oscillations  were  found  to  lie  superimposed  on 
the  steady  d-c  waveforms  of  current  and  voltage.  The 
oscillations  were  of  nearly  sinusoidal  waveform  and  were 
smooth  and  continuous  as  contrasted  to  the  waveforms  of 
voltage  extinctions  described  by  Finkeinlnirg’.  The  first 
point  of  study  was  to  determine  if  the  frequency  or  occur- 
rence of  the  oscillations  war  connected  in  any  way  with  the 
inductance  or  capacitance  associated  with  the  external  cir- 
cuits supplying  power  to  the  arc.  Various  values  of  induc- 
tance and  capacitance  were  connected  both  singly  and  in 
combination  across  the  arc,  and  inductance  was  connected 
in  series  with  the  arc.  None  of  these  reactances  affected  the 
oscillations  either  in  frequence,  waveform,  or  any  other 
characteristic. 


VOLTAGE  OSCILLATIONS 

IT  was  found  that,  for  a given  size  electrode  and  given  arc 
length,  the  frequency  of  ihe  voltage  oscillations  increased 
as  the  current  was  increased  up  to  the  point  at  which  the 
arc  began  to  hiss.  Then  the  quiet  oscillations  were  no 
longer  observed  The  relations  between  the  frequency  of 
the  \oltagc  oscillations  and  the  value  of  arc  current  for  sev- 
eral values  of  arc  length  are  shown  in  Figure  2 for  electrodes 
of  9-millimeter  (3/8-inch)  diameter.  Figure  3 shows  the 


Figure  2.  Correla- 
tion between  meas- 
ured and  calcu- 
lated valuci  of  fre- 
quency of  quiet 
oidllationt  for  3/8- 
inch  electrode! 


Figure  3.  Meas- 
ured variation  of 
frequency  of  quiet 
oscillations  with 
current  for  3/40- 
inch  arc  length 


relation  between  oscillation  frequency  and  arc  current  for 
an  arc  length  of  3/40  inch  and  for  three  different  diameter 
electrodes.  It  is  seen  that  both  electrode  size  and  arc 
length  have  an  effect  on  the  frequency  of  the  oscillations. 

The  arc  was  started  in  each  case  with  the  anode  flat  as 
shown  in  Figure  4 A.  After  the  arc  had  burned  about  5 
minutes  at  the  arc  length  and  current  at  which  measure- 
ments were  to  be  made,  the  electrodes  assumed  the  shape 
shown  in  Figure  4 B.  Until  the  anode  had  reached  the 
form  shown  in  Figure  4 B,  no  oscillations  of  a stable  nature 
could  be  obtained.  However,  after  the  electrodes  reached 
that  shape,  the  oscillations  were  relatively  stable  and  the 
electrodes  maintained  this  shape.  The  frequency  in- 
creases as  the  arc  current  ■«  increased  as  shown  in  Figure  3. 
but  the  rate  of  increase  becomes  less  as  the  diameter  of  the 
electrodes  increases.  The  amplitude  of  the  oscillations  in- 
creases as  the  current  is  increased  up  to  a value  of  about  3 
volts,  at  which  point  the  arc  logins  to  hiss. 

CURRENT  OSCILLATIONS 

/’“'timRFVT  »t!Ons  of  the  same  frequency  and  wavc- 

form,  but  180  degrees  out  of  phase  with  the  voltage 
oscillations,  were  found  to  be  present.  A series  of  photo- 
graphs of  voltage  and  current  oscillations,  taken  w'ith  a 
Lcica  35-millimctcr  camera  from  the  Du  Mont  dual-beam 
oscilloscope,  is  shown  in  Figure  5.  These  oscillations  oc- 
curred in  an  arc  with  9-millimetcr-diameter  electrodes, 
3/40-inch  arc  length,  and  currents  ranging  from  9 to  12 
amperes.  The  photographs  show  clearly  that  there  is  a 
180-degrce  phase  shift  between  the  vc’tagc  and  current 
oscillations.  This  180-degrce  phase  difference  between 
current  anil  voltage  oscillations  is  to  be  expected,  since  the 
quiet  oscillations  take  place  on  the  negative  resistance  por- 
tion of  »hc  voltage-current  characteristic  of  the  arc. 

Figure  6 shows  the  approximate  variation  of  arc.  voltage 
with  arc  current  for  9-millimeter  electrodes  and  various 
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Figure  4.  Sketch  of  snutie 
and  cathode  showing  cur- 
rent flow  in  anode 
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Figure  5.  Voltage 
and  current  oscil- 
lation waveforms 
for  3/8-inch  elec- 
trode:., 3/40-inch 
arc  length 


values  of  arc  length.  The  curves  show  that  at  low  cur- 
rents, the  voltage  decreases  as  the  current  is  increased; 
that  is,  that  the  arc  behaves  like  a negative  resistance  until 
a definite  current  is  reached,  at  which  pome  tin  .uc  uegms 
to  hiss  and  the  arc  voltage  abruptly  drops  H)  volts.  A com- 
parison of  Figures  2 and  6 shows  that  the  quiet  oscillations 
occur  in  the  current  range  just  below  the  point  at  which  the 
arc  begins  to  hiss. 


LICII  F OSCILLATIONS 

TT'ita  kt  7 snows  typical  photographs  of  the  voltage  trace 
A (top)  and  the  light  trace  (bottom)  for  9-millimeter  elec- 
trodes, 3/40-inch  length,  anil  current  about  12  amperes. 
The  three  photographs  were  taken  with  the  same  current 
and  arc  length,  the  only  difference  being  the  region  of  the 
anode  front  which  the  light  was  taken.  Figure  7.4  was 
taken  with  the  phototube  aperture  focused  on  the  edge  of 
the  anode  crater  ai  the  top  looking  at  the  cross  section  of 
the  arc  (point  A in  Figure  4/i).  Figure  IB  was  taken  with 
the  aperture  focused  on  the  edge  of  the  crater  in  the 


middle  (point  B of  Figure  4/i).  Figure  7 C was  taken  with 
the  aperture  focused  on  the  edge  of  the  crater  of  the  bottom 
(point  Cin  Figure  4 B)  In  Figure  7/1,  the  voltage  and  light 
oscillations  are  almost  exactly  in  phase.  In  Figure  IB,  the 
light  lags  the  voltage  about  90  degrees,  and  in  Figure  1C 
the  light  is  189  degrees  out  of  phase  with  the  voltage.  This 
variation  of  180  degrees  in  phase  between  the  light  and  the 
voltage  oscillations  was  observed  at  all  times  when  the  arc 
was  in  the  quict-oscillation  region,  and  the  light  was  ob- 
served from  the  bottom  of  the  anode.  The  reason  for  this 
phase  shift  will  be  explained  later.  Figure  8 shows  a series 
of  photographs  taken  at  the  bottom  of  the  anode  crater  for 
the  same  conditions  of  electrode  sb.e  and  arc  length,  but 
with  increasing  values  of  current.  Figure  8 D was  taken  at 
:i  current  just  below  the  hissing  point.  Both  the  voltage 
and  light  waveforms  have  changed  from  periodic  waves  to 
random  variation.  At  a slightly  higher  current,  the  arc 
begins  to  hiss,  Figure  8 E.  The  voltage  waveform  now  ap- 
pears as  a high-frequency  hash  on  the  scope  while  the  light 
oscillations  appear  as  random  fluctuations.  The  ampli- 
tude of  the  hissing  voltage  measured  on  the  scope  was  about 
10  volts  and  was  independent  ol  tin*  current. 

HKill-SlM.l.l)  MOTION  PICTURES 

Hicit-si-t-.rn  mi  * i ii  is  eicTL  Rhs,  3.000  frames  per  second, 
were  taken  to  determine  what  effects  were  taking 
place  in  the  arc  during  the  quiet  oscillations.  An  Eastman 
Kodak  high-s|x*ed  camera  was  used  with  Super  .YA'  film 
with  an  aperture  of  fS  and  a red  filter.  Corning  number 
2-JtS.  The  red  filter  was  used  to  accentuate  the  effects  at 
•he  anode  surface  and  suppress  the  light  from  the  coldmn, 
which  is  predominantly  blue  Fite  film  showed  clearly  the 
rotation  of  a bright  spot  of  light  around  the  outer  circum- 
ference of  the  anode  crater.  A neon  tirn.ng  light  built  into 
the  high-speed  camera  was  used  to  provide  a 1 120-sccond 
timing  pulse  on  the  film  The  frequency  of  rotation  of  the 
spot  thus  could  be  determined.  The  frequency  of  rotation 
was  found  to  he  exactly  equal  to  the  frequency  of  the  quiet 
oscillation  observed  on  the  oscilloscope  at  the  time  the 
motion  pictures  were  taken. 

MF.OHA.NTSM  Ol  QUIET  OSCILLATIONS 

Explanation  of  Qk\tri-td  Results.  The  high-speed  motion 
plenties  show  conclusively  that  there  is  a connection  be- 
tween the  oscillations  of  voltage,  current,  light,  and  sound, 
and  the  rotation  of  the  anode  spot.  A possible  cause  of  the 
variation  in  arc  voltage  would  be  a variation  in  arc  length 
as  the  spot  rotates  around  the  anode  crater.  An  analysis 
of  Figure  4 B shows  that  such  a variation  in  arc  length 
exists,  and  that  the  difference  in  .uc  length  between  top  and 
bottom  is  the  order  of  1 V:4  inch.  Fo  determine  whether 
variations  in  arc  length  can  account  for  the  variations  in 
arc  voltage,  it  is  necessary  to  determine  the  potential  gradi- 
ent of  the  column.  The  potential  gradient  of  the  arc 
column  can  be  determined  from  the  data  of  Figure  6,  and  is 
approximately  160  volts  per  inch.  A variation  of  1 64  inch 
in  arc  length,  therefore,  would  produce  a change  of  2.5 
volts  in  arc  voltage.  This  is  of  the  same  order  ol  magnitude 
as  obtained  from  measurements  of  the  voltage  oscillations 
on  the  dual-beam  oscilloscope.  Thus,  the  voltage  oscilli- 
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tions  appear  to  be  caused  by  the  rotation  of  the  anode  spot 
with  a corresponding  periodic  change  in  arc  length.  The 
current  oscillation  would  follow  ;is  a natural  result  of  the 
changes  in  voltage  and  the  negative  resistance  character- 
istic of  the  arc. 

The  180-dcgrce  phase  shift  of  the  light  oscillations  with 
respect  to  the  voltage  across  the  anode  crater  now  can  l>e 
explained.  Figure  4 R shows  a scale  drawing  of  the  elec- 
trodes as  they  appear  when  the  arc  is  in  the  quiet-oscillation 
range.  The  arc  length  may  be  cither  DA  when  the  spot  is 
at  the  top  of  the  crater,  DC  when  it  is  at  the  bottom,  or  any 
length  between  these  values.  As  shown  in  the  diagram, 
DC  is  less  than  DA.  Suppose  the  voltage  oscillations  are 
impressed  upon  one  section  of  the  dual-beam  oscilloscope 
and  the  light  oscillations  on  the  other  section,  and  the  aper- 
ture of  the  phototube  is  focused  on  point  .1  of  the  crater: 
the  voltage  then  will  be  -t  maximum  when  (he  anode  spot 
is  at  point  .4.  One-half  cicle  later,  the  anode  spot  will  be 
at  point  C.  The  voltage  and  light  will  be  a minimum, 
since  the  phototulx-  is  still  focused  on  point  .1,  while  the 
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Figure  8.  Voltage  and  light  oscillation  waveforms,  3/8-inch  elec- 
trodes, 3/40-  inch  arc  length 


bright  spot  of  light  has  moved.  Hence,  the  voltage  and 
light  oscillations  will  be  in  phase.  If  the  phototube  aper- 
ture is  focused  on  point  C,  the  voltage  will  be  a minimum 
when  the  spot  is  at  C,  but  the  light  will  be  a maximum. 
Onc-half  cycle  later,  when  the  spot  is  at  A,  the  voltage  will 
l>e  a maximum,  and  the  light  will  be  a minimum.  Thus, 
the  voltage  and  light  will  be  180  degrees  out  of  phase  when 
the  phototnlte  is  focused  on  the  bottom  of  the  anode  crater 
and  they  will  lx:  in  phase  when  the  phototube  is  focused  on 
the  top  of  the  crater.  When  the  phototube  aperture  is 
focused  on  the  middle  of  the  crater,  the  phase  difference 
will  lx-  90  electrical  degrees.  This  explanation  is  consistent 
with  Figure  7 which  shows  the  voltage  and  light  in  phase 
at  the  lop  of  the  crater,  90  degrees  out  of  phase  in  the  middle 
of  the  crater,  and  180  degrees  out  of  phase  at  the  bottom  of 
the  crater.  The  quiet  oscillations,  therefore,  are  the  result 
of  the  rotation  of  the  anode  spot  around  the  anode  crater. 


Can  if  »/  Rotation.  The  cause  of  the  rotation  is  now  to  be 
determined.  It  is  known  that  a tx'am  of  electrons  in  a 
transverse  magnetic  field  will  be  acted  on  by  a force  which 
will  tend  to  move  it  in  a direction  perpendicular  to  both  the 
direction  of  the  field  and  the  direction  of  the  Ix-ana.  Such 
a motion  will  lie  circular.  The  arc  current  can  be  con- 
sidered to  be  a concentrated  beam  of  electrons  and  ions. 


particularly  large  near  the  anode.  When  the  current 
enters  the  anode  spot  which  is  small  in  contparsion  with  the 
ataxic  crater,  the  current  will  tend  to  spread  out  to  form 
llow  lines  as  shown  in  Figure  4.  Such  a distribution  of  cur- 
rent as  in  Figure  4 will  produce  a transverse  component  of 
magnetic  field  at  the  crater  surface.  Thus,  ihere  will  be  a 
tendency  for  the  ire  column  to  rotate.  The  strength  of 
the  magnetic  field  will  depend  upon  the  value  of  the  current 
ami  the  degree  of  dissymmetry  present  at  the  anode  crater. 
With  an  electrode  which  was  cut  with  a perfectly  flat  face 
perpendicular  to  the  electrode  axis,  there  would  be  no 
transverse  component  of  magnetic  field,  as  in  Figure  4.4. 
This  fact  explains  why  there  are  no  quiet  oscillations  when 
the  ate  is  lust  started  with  flat  electrodes,  and  why  the 
oscillations  become  more  and  more  firmly  < -'.ahlished  as  the 
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Figure  9.  Corre- 
lation between 
measured  and  cal- 
culated values  of 
frequency  of  quiet 
oscillations.  Solid 
lines — experimen- 
tal; dotted  lines— 
calculated. 

.■I — 1 /4-inch  electrodes 
B — 3 /8-inch  el  tetrode  J 
C — 1 /2-inch  etectrodes 


electrodes  burn  so  as  to  attain  the  iinal  shape.  The  shape 
of  the  anode  is  the  critical  factor,  and  the  shape  of  the 
cathode  tip  seems  to  make  no  difference.  The  oscillations 
will  occur  with  a flat  cathode  and  an  anode  which  has 
burned  to  the  shape  shown  in  Figure  4 B.  The  anode  at- 
tains this  shape  as  a result  of  the  fact  that  the  heat  rises  by 
convection  and  causes  more  rapid  burning  at  the  top  of  the 
electrode. 


desired.  Such,  a determination  can  be  made  by  making 
several  assumptions  which  have  been  fairly  well  established 
in  the  arc  field.  Considering  that  the  arc  column  is  essen- 
tially a concentrated  beam  of  electrons,  such  that  it  can  be 
thought  of  as  a cylinder  rotating  through  the  arc  atmos- 
phere, the  following  equation  was  developed : 

J-CP^'/Rrl, 

where  C and  n are  constants  depending  upon  the  electrode 
diameter;  / is  the  arc  current  in  amperes;  R is  the  radius 
of  the  arc  column;  r is  the  radius  of  rotation  of  the  anode 
spot ; and  / } is  the  arc  length. 

The  comparison  between  the  measured  values  of  the  fre- 
quencies of  the  quiet  oscillations  and  the  calculated  values 
from  this  empirical  equation  are  shown  in  Figure  9,  for 
three  sizes  of  electrodes. 

Tests  With  Other  Types  of  Electrodes.  Attempts  were  made 
to  obtain  quiet  oscillations  with  electrodes  other  than  the 
National  Carbon  Company  solid  projector  carbons  used  in 
all  the  work  thus  lar  reported.  No  other  electrode  pro- 
duced oscillations  as  stable  as  those  with  carbon.  Graph- 
ite electrodes  produced  hissing  with  no  noticeable  region 
of  quiet  oscillation  before  hissing  began.  Copper,  alumi- 
num, and  tungsten  eleeirodes  showed  a region  of  voltage 
fluctuation  liefore  hissing  l>egan,  but  there  were  no  stable 
oscillations  that  could  lie  studied  as  in  the  case  of  carbon. 

CONCLUSION'S 

The  results  of  this  research  may  be  summarized  as 
follows : 


Effects  of  External  Fields.  In  order  to  determine  the  effects 
of  various  types  of  magnetic  fields  on  the  oscillations,  sev- 
eral experiments  were  conducted  The  are  was  burned  in 
the  presence  of  an  externai  radial  magnetic  field.  When 
the  external  field  was  in  such  a direction  as  to  arid  to  the 
arc’s  magnetic  field,  quiet  oscillations  and  hissing  occurred 
at  a lower  curient  than  without  the  field.  If  the  magnetic 
field  were  reversed  so  as  to  oppose  the  arc’s  field,  quiet  oscil- 
lations and  hissing  occurred  at  a higher  current  than  with- 
out the  field. 

The  effect  of  an  axial  magnetic  field  was  to  increase  the 
amplitude  of  the  quiet  oscillations  without  affecting  their 
frequency.  The  amplitude  of  the  quiet  oscillations  in- 
creased linearly  with  magnetic-field  strength. 

The  effect  of  a transverse  magnetic  field  was  to  increase 
the  frequency  of  the  quiet  oscillations  with  no  effect  on  the 
amplitude  if  the  external  field  were  in  such  a direction  as 
to  aid  the  transverse  component  of  magnetic  field  pro- 
duced by  the  are.  If  the  external  transverse  field  were  re- 
versed, so  as  to  oppose  the  field  produced  by  the  arc,  the 
frequenev  of  oscillation  decreased  as  the  field  was  increased. 
These  studies  show  clearly  that  a magnetic  field  has  sig- 
nificant effect  on  the  quiet  oscillations  and  actually  can 
cause  them  to  occur  at  currents  below  which  they  would 
occur  normally.  This  serves  to  substantiate  the  expla- 
nation of  the  cause  of  the  oscillations  given  previously. 

THEORETICAL  EXPLANATION  OK  QUIET  OSCILLATIONS 

The  determination  of  an  empirical  relation  between 
the  frequency  of  oscillation  and  the  arc  current  was 


1.  A study  of  the  d-c  arc  in  air  at  normal  temperatures 
and  pressures  lictween  solid  carbon  electrodes  has  disclosed 
the  presence  of  symmetrical,  uniform  oscillations  of  current, 
voltage,  light,  and  sound  occurring  at  current  values  just 
liclow  the  hissing  stage. 

2.  The  oscillations  are  of  low  frequency  in  the  range 
50  to  400  cycles. 

3.  The  oscillations  occur  with  high  uniformity  only 
after  the  anode  tip  has  attained  its  characteristic  shape. 

4.  The  frequency  of  the  oscillations  is  affected  by  the 
material,  diameter,  and  separation  of  the  electrodes  and  by 
the  arc  current,  but  not  by  reactance  present  in  the  power 
supply. 

5.  The  oscillations  are  caused  by  rotation  of  the  anode 
spot  about  the  periphery  of  the  anode  due  to  the  presence 
of  an  unsymmctrical  magnetic  field  caused  by  the  arc  cur- 
rent itself  at  the  anode  surface. 

6.  An  empirical  equation  has  been  developed  to  express 
the  frequenev  of  the  oscillations  as  a function  of  current 
and  electrode  parameters. 

1 . Ii  is  believed  that  the  behavior  of  the  anode  spot  and 
the  influence  of  the.  arc’s  own  magnetic  field  as  reported 
here  have  a direct  bearing  on  the  initiation  of  the  “hissing” 
arc  and  on  its  characteristics. 
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The  Pentagon 
Washington  2yt  D.C. 

Atta:  Research  und  Developsient  Branch  (l) 
AIR  FORCES 
U.  S.  Air  Forces 

Research  end  Developsent  Division 
irne  Pentagon 

Vachingtou  25,  D-C.  (1) 


AIR  FORCES 

Air  Material  Ccuanand 
Wrlght-Pr.ttsraon  Air  Force  Base 
Dayton,  Ohio 

Attn:  Materials  Laboratory 

MCREXM  (2) 

OTHER  GOVERNMENT  ASEHCiES 

U.  3.  Atonic  Energy  CcsEaiocion 

Division  of  Research 

Metallurgical  Branch 

Washington  25,  D.C,  (l) 

National  Bureau  of  SLan&urca 
Washington  25,  D.C. 

Attn:  Physical  Metallurgy  Division  (1) 

National  Advisory  CcssxLttec  for 

Aeronautics 

1724  F Street,  II. W. 

Washington  25,  D.C.  (1) 

RfGearch  and.  Develcjscnt  Board 
Ccanittee  on  Basic  Physical  Sc iar.ee 3 
The  Pentagon 
Washington  25,  D.C. 

Attn:  Metallurgy  Panel  (1) 

Chief  of  Bureau  of  Ship3 
Navy  Department 
Washington  25,  D.C. 

Attn:  Code  652  (i) 

Operations  Evaluation  Group- 
Chief  of  Naval  Operations 
Nary  Department 
Waehington  25,  D.C. 

Attn:  E.S.-Leaar  (i) 

W.  Sproragse,  Director 
Welding  Reesorcn  Council 
25  w.  35t‘n  Struet 

Rev  York  18,  Sev  York  (l) 

Armour  Research  Foundation 
Metals  Research  Laboratory 
Technology  Canter 
Chicago  l6,  Illluoia 

Attn:  Dr.  J.  M.  Parka  (l) 


*ir.  James  F.  Lincoln 
Lincoln  Electric  Company 
Colt  Road 
Cleveland,  Ohio 

Wastiughouae  esearch  Laboratories 
East  Pittsburgh,  Pennsylvania 
Attn:  Dr.  J.  Slepian 

Prcfcceor  W.  F.  Eesa 
Department  of  Hefallurgy 
Reneaelncr  Polytechnic  Institute 
Troy,  I lev  York 

General  Electric  Company 
Research  LatcratorieG 
Schenectady,  Kev  York 
Attn:  J.  D.  Cobine 

Professor  G.  II.  Fett 

DopartKort  of  Electrical  Engineerin 

University  of  Illinois 

Urb*\na,  Illinois 

Engineering  Research  Laboratories 

Engineer  Center 

Port  Belvoir,  Virginia 

Dr.  R.  F.  Mehl 

Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania 

Dr.  I.  B-  Loeb 
University  of  California 
Physic?  n^mrtnpnt 
Berkely,  California 

Dr.  A-  G.  Guy 

Office  of  Ordnance  Research 
Puke  University 
2127  Myrtle  Avenue 

W. V., *T .*•»..  /V 1 -I 

u JU.  f 1(<J*  W1J  vav 


